Purpose After chemotherapy for breast cancer, most women will recover some ovarian function, but the timing and extent of this recovery are poorly understood. We studied post-chemotherapy ovarian recovery in women with and without a history of ovarian suppression during chemotherapy. Methods Reproductive age breast cancer patients who were seen prior to chemotherapy for fertility preservation consult were consented for follow-up ovarian function assessment (every 3-6 months after chemotherapy) with antral follicle count (AFC) in this prospective cohort study. We restricted our analysis to those with menses present after chemotherapy. Box plots were used to demonstrate the change in follow-up AFC versus time elapsed after chemotherapy. A mixed effects regression model was used to assess differences in AFC. Results Eighty-eight patients with a history of newly diagnosed breast cancer were included. Forty-five patients (51%) had ovarian suppression with GnRH agonist (GnRHa) during chemotherapy. AFC recovery appeared to plateau at 1 year after completing chemotherapy at a median of 40% of pre-chemotherapy AFC. After adjustment for age, initial AFC, cyclophosphamide exposure, combined hormonal contraceptive (CHC) use, and tamoxifen use, AFC recovered faster and to a greater degree for those women who underwent GnRHa therapy for ovarian protection during chemotherapy (P = 0.032). Conclusions Women with menses after chemotherapy for breast cancer appear to recover their full potential AFC 1 year after their last chemotherapy dose. Treatment with GnRHa during chemotherapy is associated with a higher degree of AFC recovery. The findings of this study can aid in counseling patients prior to chemotherapy about expectations for ovarian recovery and planning post-treatment fertility preservation care to maximize reproductive potential when pre-treatment fertility preservation care is not possible or has limited oocyte yield.
Introduction
Chemotherapy agents have a well-known gonadotoxic effect, significantly compromising reproductive potential in premenopausal cancer patients [1] . With improving longterm survival rates, an important concern for many cancer survivors is how the disease and its treatment will affect their future fertility. Approximately 70-80% of reproductive age women (18-45 years old) who are treated with chemotherapy for breast cancer will resume some ovarian function posttreatment [2, 3] . However, despite resumption of menses, there remains a considerable risk of reproductive compromise and possibly early menopause, and it is currently difficult to predict the extent to which reproductive dysfunction will occur [2] .
Typifying the impact of chemotherapy on women that recover ovarian function is challenging. Given that menstrual function is not a reliable predictor of fertility, previous studies looking at ovarian follicular dynamics after chemotherapy have used surrogate markers for ovarian reserve, such as follicle-stimulating hormone (FSH), anti-Mullerian hormone (AMH), and antral follicle count (AFC). These prior studies have shown that FSH levels normalize to pretreatment levels after chemotherapy, while AMH levels and AFC are severely reduced [4] [5] [6] . However, these studies are limited by inclusion of a wide variety of cancer types and chemotherapy regimens, infrequent and short-term follow-up after chemotherapy, and case-control design. Thus, little is known about how and when ovarian reserve recovers after completion of chemotherapy.
In our clinical practice, we prefer to use AFC pre-and postchemotherapy to describe the extent of ovarian recovery, as it also allows us to estimate oocyte yield after fertility preservation (FP) [7] . Having a better understanding of AFC recovery after chemotherapy could help us provide important references for counseling patients pre-chemotherapy about their expectations for ovarian recovery and post-chemotherapy FP, as well as optimize timing of post-chemotherapy FP. In this study, serial antral follicle counts were used to examine postchemotherapy ovarian recovery in breast cancer patients with and without a history of GnRHa for ovarian suppression during chemotherapy.
Materials and methods
We performed a prospective cohort study. All procedures performed in studies involving human participants were in accordance with the ethical standards of the University of California, San Francisco (UCSF) Committee on Human Research and with the 1964 Helsinki declaration and its later amendments or comparable ethical standards. Informed consent was obtained from all individual participants included in the study.
Study population
Our program has a study to longitudinally survey patients diagnosed with cancer who present to the fertility preservation clinic. A subset of these patients were recruited for longitudinal AFC follow-up. Women were included in the study if they were premenopausal, ages 18-45, and newly diagnosed with breast cancer at their first FP visit. Patients were excluded if they were outside the age ranges above, had received any chemotherapy or radiation treatment prior to enrollment, had a hysterectomy, or had an oophorectomy. Two hundred fortysix breast cancer patients met the inclusion criteria and were enrolled for the study. We contacted all patients after completion of chemotherapy and excluded those that had already started ovarian suppression as part of their cancer treatment. Eighty-eight had return of menses, either with regular or with irregular cycles, at some point after chemotherapy and agreed to follow-up monitoring.
Study visits
At the initial fertility preservation evaluation, patients went through a structured interview including detailed information on demographics, medical history, gynecological history, and obstetrical history. At the first post-treatment visit, additional information regarding the patient's cancer therapy was obtained and cross-validated with the medical record. GnRH agonists administered during chemotherapy included leuprolide (Lupron Depot 3.75 mg IM every month) and goserelin (Zoladex 3.6 mg SubQ every month). Menstrual history and use of tamoxifen and GnRH agonists were recorded at each post-treatment visit.
Assessment of ovarian reserve
Ovarian reserve was assessed by measuring AFC at the initial fertility preservation consultation. Transvaginal ultrasound was performed on a GE VolusonS8 machine by two experienced clinicians, M.R. and J.M.L. Follicles measuring between 2 and 10 mm in both ovaries were counted in the AFC. Patients were followed with AFC starting 3-6 months after chemotherapy and then every 3-6 months thereafter until a plateau in AFC was observed.
Statistical analysis
Electronic medical record data were extracted and de-identified. Statistical analyses were performed using Stata version 14 (Stata Corp, College Station, TX). Statistical significance was defined by two-sided P values < 0.05. T tests were used, as appropriate, to compare demographic data among the GnRHa versus no GnRHa groups. Follow-up AFC was compared to initial, pre-treatment AFC to create a ratio of the patient's follow-up AFC versus their original AFC. We used box plots to demonstrate the relationship between time elapsed after chemotherapy and AFC improvement. A subgroup analysis was performed comparing patients with greater than 6 months of combined hormonal contraception (CHC) use immediately preceding the initial visit to patients without CHC use because long-term CHC use is known to suppress the AFC in 50% of patients [8] .
A random slopes and intercepts regression model was used to determine whether longitudinal measurements of AFC after completion of chemotherapy were significantly different. This model describes within-person change over time, thus accounting for correlations in a particular repeated measurement within an individual, in addition to averaging data across women. Predictors of interest included age at initial visit, pre-chemotherapy AFC, combined hormonal contraception use at initial visit, cycholphosphamide-based chemotherapy, GnRHa use during chemotherapy, and tamoxifen use after chemotherapy. We assumed that predictors could influence the recovery of ovarian reserve in two distinct ways. First, predictors may influence the level of AFC recovery. In addition, these predictors may affect the rate of recovery over time. Examination of this later influence was performed using statistical tests of interaction between time and certain predictors.
Results

Patient characteristics
Eighty-eight breast cancer patients were seen prior to chemotherapy for fertility preservation consult, had menses return after chemotherapy, and were seen after chemotherapy for a follow-up AFC assessment. Baseline demographics are presented in Table 1 . Patients were on average 34 ± 4 years old with mostly clinical stage one or two breast cancer. Median pre-chemotherapy AFC was 12 (1-55). Seventy-six percent of patients received cyclophosphamide as part of their chemotherapy regimen. The median number of AFC assessments to date was 2 (range 1-5) and the median observational time was 2 years (1-5).
Forty-five patients (51%) took a GnRH agonist (GnRHa), such as leuprolide or goserelin, for ovarian suppression during chemotherapy. Table 1 compares the baseline characteristics between the GnRHa and no GnRHa groups. There were no significant differences in age, clinical stage, chemotherapy regimen, and use of cyclophosphamide between the groups. However, initial median AFC was lower in the GnRHa group (GnRHa 11 vs. no GnRHa 16; P = 0.012).
AFC recovery over time
Women who resumed menses after completing chemotherapy generally had a gradual recovery of AFC, reaching maximal recovery approximately 1 year posttreatment ( Fig. 1) . By 1 year after completing chemotherapy, women appeared to recover 40% of their original AFC. No additional significant AFC recovery was seen between 1 and 2 years post-chemotherapy, and AFC began to decline 1 year after chemotherapy. 
Combined hormonal contraception subgroup analysis
Twenty-nine patients (33%) were using CHC for greater than 6 months immediately preceding their initial visit. The average pre-chemotherapy AFC was higher in women without CHC use at the initial visit, though not statistically significantly different (no CHC use 17 ± 11 vs. CHC use 13 ± 8; P = 0.180). In all patients, CHC use was discontinued after their initial visit. Women without CHC use appeared to recover only 36% of the original AFC, reaching a plateau at 1-year post-treatment (Fig. 2) . On the other hand, women with CHC use at the initial visit recovered 67% of the original AFC at 1-year post-chemotherapy (data not shown).
A mixed effects regression model demonstrated a statistically significant increase in AFC recovery among women who reported recent CHC use at their initial visit (P = 0.028).
Impact of GnRH agonist co-treatment on AFC recovery
Patients who were treated with GnRHa during chemotherapy had increased and faster AFC recovery after completion of chemotherapy (Fig. 3 ). Patients treated with GnRH agonist showed maximal ovarian recovery to 56% of their baseline AFC 7-9 months after chemotherapy as compared to only 27% recovery in the untreated group by 3-5 years after chemotherapy. Using a mixed effects regression model (Table 2) , GnRHa therapy was associated with increased AFC recovery, after adjusting for age and pre-chemotherapy AFC (P = 0.032). The impact of GnRHa use did not change over time.
Older age at the initial visit and lower pre-chemotherapy AFC was associated with lower AFC recovery. Tamoxifen use after chemotherapy did not have a significant impact on AFC recovery. For example, in a patient with initial age of 30 and initial pre-chemotherapy AFC of 15 who was receiving cyclophosphamide, one would expect an AFC of 4 without GnRHa use and 7 with GnRHa use at 1 year after chemotherapy. faster AFC recovery, compared to those whose menses resumed after chemotherapy without concurrent GnRHa. For the GnRHa group, AFC appears to improve steadily to about 56% of the original AFC, reaching a maximum by 7-9 months after chemotherapy. For the no GnRHa group, AFC appears to improve steadily to about 27% of the original AFC, only reaching a maximum 3-5 years after chemotherapy Women who took a GnRHa during chemotherapy represent 51% of our study population. Here, we present the full formal coefficient estimates for the mixed effects model looking at the impact of GnRHa use on post-chemotherapy AFC. GnRHa use was associated with a statistically significant higher ovarian recovery, after adjustment for age, pre-chemotherapy AFC, cyclophosphamide exposure, CHC use at initial FP visit, and tamoxifen use
Discussion
Women with menses after chemotherapy for breast cancer appear to recover 40% of their pre-treatment AFC after chemotherapy. Treatment with a GnRH agonist during chemotherapy may allow for increased AFC recovery. The timing and extent of post-chemotherapy ovarian recovery can be predicted by AFC, age at treatment, time elapsed from chemotherapy, and the use of GnRHa during chemotherapy. The findings of this study may help to personalize fertility care and oncology care after chemotherapy for breast cancer. Numerous prior studies have reported the impact of chemotherapy using menstruation as a surrogate for ovarian function. However, even as women approach menopause, menstrual cycles are still present, though shorter and more variable, thus questioning the value of relying solely on assessment of resumption of menses after chemotherapy [9] . Among patients with menses post-chemotherapy, we observed a 40% recovery of pre-treatment AFC after chemotherapy. It is known that resumption of menses underestimates the degree of reproductive impairment after chemotherapy and alone is not an indicator of fertility potential [2] . This study provides further evidence of a persistent Bpartial ovarian injury^after chemotherapy, even among women whose menses return.
Prior studies have evaluated the acute ovarian endocrine response to chemotherapy using known ovarian reserve markers. Most of the initial literature on this topic came from case-control studies, comparing markers between postchemotherapy cancer patients and healthy age-matched controls [10, 11] . A limitation with these study designs is that even with perfect matching of cases and controls, it is difficult to be sure whether the groups did not differ in ovarian reserve before chemotherapy. Existing evidence using cohort studies has shown a significant reduction in AMH levels following chemotherapy with the rate of AMH recovery after chemotherapy impacted by pre-treatment levels and alkylating agent exposure [6, 12, 13] . Other studies limited by their short-term follow-up have noted a marked drop in AFC to about half of the pre-chemotherapy AFC at 6 to 8 months after chemotherapy, consistent with the results of this study [4, 6, 12] . In a longer, but small study of 51 breast cancer patients, AFC fell from 8.5 pre-chemotherapy to 1.8 2 years after initiation of chemotherapy [14] . The degree of AFC recovery was much lower in this study compared to our study because the majority of patients in this study remained amenorrheic, and likely menopausal after chemotherapy. Similar to the results from our mixed model, Wenners and colleagues observed that AFC levels before chemotherapy were significantly positively correlated with AFC 1 year after chemotherapy and negatively correlated with age. However, we also shed light on how AFC changes up to 5 years after chemotherapy.
Of note, none of these previous studies accounted for CHC use at the initial visit. However, Letourneau et al. found that long-term CHC use suppresses the AFC in 50% of patients [8] . Thus, in patients with long-term CHC use newly diagnosed with cancer, the baseline AFC recorded at the initial FP visit may be suppressed, falsely elevating the proportion of AFC recovery after chemotherapy. In patients with greater than 6 months of CHC use at the intake visit, we observed that women with CHC use appeared to recover almost double their original AFC at 1-year post-chemotherapy. Furthermore, CHC use was significantly associated with an increase in AFC recovery in our mixed effects model. The inclusion of women on hormonal contraceptives is an inherent limitation of any study assessing ovarian reserve in young women with cancer at risk for pregnancy and thus should be accounted for in similar future studies to give an accurate impression of a patient's baseline ovarian reserve.
We observed that pre-treatment with GnRH agonist may allow for increased AFC recovery. At this time, temporary ovarian suppression with GnRH agonists (GnRHa) during chemotherapy is the only pharmaceutical strategy to preserve ovarian function, but their use in fertility preservation is controversial and still considered experimental by the American Society of Clinical Oncology [15] . The two largest randomized controlled trials in breast cancer patients, POEMS and PROMISE, demonstrated a significantly decreased risk of ovarian failure in the patients treated with GnRHa during chemotherapy [16, 17] . However, other smaller randomized controlled trials in cancer patients have not shown a difference [18, 19] . A challenge with evaluating the efficacy of temporary ovarian suppression by GnRHa is the lack of long-term follow-up and data about fertility outcomes. Because menstrual activity is not the best proxy for ovarian function, it is important to further our understanding of ovarian suppression during chemotherapy using other predictors of future fertility.
Only two studies in the literature have looked at the ability of GnRHa to protect the ovary using quantifiable markers of ovarian reserve and found that the use of GnRHa did not significantly affect AMH and AFC up to 3 years after chemotherapy [20, 21] . To our knowledge, our study is the first to show that GnRHa may improve recovery of post-chemotherapy AFC among menstruating women. Furthermore, GnRH agonist treatment appeared to hasten the AFC recovery post-chemotherapy. Thus, use of a GnRH agonist may allow patients to undergo fertility treatment sooner post-chemotherapy, which is an important consideration given the narrowed reproductive window for these women and the substantial effect of age on fertility potential. Ovarian suppression with a GnRHa may be a more accessible option for patients and can be used in combination with traditional fertility preservation techniques, and thus its impact on ovarian reserve should be investigated further.
The results of this study help to provide a reference for counseling patients prior to chemotherapy about expectations for ovarian recovery, based on pre-chemotherapy antral follicle count, which could assist with making more informed decisions about fertility preservation. Fertility counseling for women with a higher AFC at the time of diagnosis could be different from counseling for women with a lower AFC. For example, a patient with a higher pre-chemotherapy AFC could be counseled about the possibility of harvesting eggs after chemotherapy if the pressure of starting chemotherapy did not permit the opportunity for an ovarian stimulation cycle without significant delays, or if limited oocytes were collected prior to chemotherapy. Post-treatment ovarian stimulation and oocyte/embryo cryopreservation may be a strategy to maximize future reproductive capacity in this population given that that oocyte yield per antral follicle count is similar among post-chemotherapy and chemotherapy-naïve patients [22] . Using a patient's baseline AFC as a predictor of post-treatment ovarian reserve would facilitate a more informed choice of therapy for physicians and would enable a more patient-centered approach to fertility preservation.
Strengths, limitations, and future research
This study has several strengths and limitations. The principal strength of this study is the longitudinal follow-up at discrete time points out to 5 years from treatment. While it is limited by its incomplete follow-up of the entire cohort at each time point, this is one of the first studies to examine ovarian recovery, using a quantifiable and reliable measure as AFC, past 1 year after exposure to chemotherapy. Our data was collected from a homogeneous population of breast cancer patients seen at a single university medical center, in the largest cohort to date. We have also accounted for potential suppression from long-term combined hormonal contraception, which we have shown in our analyses could give a false impression of a patient's baseline ovarian reserve. Even though we have a relatively large cohort, our study size does also limit the ability to detect significant differences in ovarian recovery between the GnRHa and no GnRHa treatment groups at various time points. Longer follow-up is necessary to understand the implications of antral follicle count recovery for timing of menopause and pregnancy outcomes. Areas for future research could include determining whether pre-chemotherapy AFC can predict post-cancer treatment reproductive health outcomes in terms of post-chemotherapy ovarian reserve and time to maximum ovarian recovery. This knowledge would allow clinicians to predict a patient's risk of ovarian follicular depletion after chemotherapy and thus offer a more individualized plan for fertility preservation.
Conclusion
Women with menses after chemotherapy for breast cancer appear to reach the peak of their AFC recovery 1 year after chemotherapy. Among women who resume menses after chemotherapy, 40% of observable pre-treatment antral follicle count is recovered. Thus, patients who could not freeze enough oocytes before cancer treatment might expect to have an oocyte yield of a third of their baseline AFC with ovarian stimulation after chemotherapy, allowing them to maximize their reproductive potential. Finally, treatment with GnRHa during chemotherapy may be strongly considered, given its association with higher recovery of AFC.
